AQPs (aquaporins), the rapid water channels of cells, play a key role in maintaining osmotic equilibrium of cells. In this paper, we reported the dynamic mechanism of AQP osmosis at the molecular level. A theoretical model based on molecular dynamics was carried out and verified by the published experimental data. The reflection coefficients (σ) of neutral molecules are mainly decided by their relative size with AQPs, and increase with a third power up to a constant value 1. This model also indicated that the reflection coefficient of a complete impermeable solute can be smaller than 1. The H + concentration of solution can influence the driving force of the AQPs by changing the equivalent diameters of vestibules surrounded by loops with abundant polar amino acids. In this way, pH of solution can regulate water permeability of AQPs. Therefore, an AQP may not only work as a switch to open or close, but as a rapid response molecular valve to control its water flow. The vestibules can prevent the channel blockage of AQPs by a primary screening before their constriction region. This model also provides a prediction tool to the structure of AQPs by the σs of special solutes. The puzzling variance between σ to erythrocytes AQP1 and σ to oocytes-expressing AQP1 was also explained.
Introduction
Water, which constitutes most of the interior of a cell, can diffuse through the lipid bilayer at a limited rate, (1) . As a supplement, diverse AQPs offer the rapid water channels for cells. In humans, AQPs are found in many tissues and are believed to be fundamental to diverse physiological functions (2) . AQPs are also very important for other creatures from microorganisms to plants and animals (3, 4) . In the early research of AQPs, many researchers including Hans Ussing and Arthur K. Solomon have made great efforts (see a review by Arge (5)). However, the long-standing controversy whether water channels exist has not ended until AQP1was identified by the research group of Agre (6) firstly. Since then, it has made some great progress. The water-transport properties, selectivity and regulation of many AQPs (1, 2, 7-9) have been measured, and the structures of more and more AQPs are being determined (10-13). Computer simulation also plays important roles in this field: the selectivity mechanism of AQP was discussed by Hub & Groot (14) , the opening angles of the conical entrances of AQPs have been found to be important for their remarkable water permeability by Gravelle and et al. (15) . All of these accumulation effects have improved our understanding of AQPs.
However, many mechanistic details that how pH regulates permeability characteristics of AQPs remain to be elucidated (1) . The puzzling variance between reflection coefficient (σ) to erythrocytes AQP1 (16) (17) (18) (19) and to oocytes-expressing AQP1 (20) (21) (22) has been unsolved. These problems, to a certain extent, are due to some deeply rooted misunderstandings on osmosis and the incomplete dynamical theory for osmosis at the molecular level. Many experiment research (23, 24) and simulations study (14, 15, 25 and 26) have revealed that there are differences between the mass transfer in nanoscale and macroscopic hydrodynamics. Osmosis models based upon irreversible thermodynamics such as K-K Equation (27, 28) , was criticized by Finkelstein (29, 30) for its inability to provide information about the physical nature of osmosis. Solomon (17) realized the variance between the irreversible thermodynamic conclusion and experiment data. Zeuthen (22) also discussed the limitations of these phenomenological theories. Aiming at revealing the osmosis mechanism at the molecular level, we got a model which can describe the entry-exit effects quantitatively using a method of analytical molecular dynamics. In our paper, a new dynamic model was found high accuracy by verifying the published experimental data from different researchers with various methods (16, 17, (20) (21) (22) . It throws light on the working and regulating mechanism of AQPs and solves the puzzling variance between σ to erythrocytes AQP1 and σ to oocytes-expressing AQP1. 
Result and discussion
Size effect: reflection coefficient and dynamical osmotic pressure coefficient The driving force of osmosis is osmotic pressure between the solutions across the semipermeable membrane. In thermodynamics, it is generally accepted that osmotic pressure is the result of the chemical potential difference of the solvent across the membrane. However, real osmosis is a dynamic process and reflects the interaction between the solution and the membrane. In dynamics, the debate about its generation mechanism has never ended (see a review by Kill (31)). Osmotic pressure of the solution usually be described by the famous Van't Hoff Equation
cRT
  [1] where Π is the osmotic pressure, c is the molar concentration of the solute, R is the molar gas constant, T is the thermodynamic temperature, and σ is the reflection coefficient. σ, first introduced as a phenomenological coefficient by Staverman in 1951(32) , was defined as the percentage of the solute that can't permeate the membrane. Many experiments indicate cleanly that σ of solute has a close relation to its molecular size (16) (17) (18) (19) (20) (21) (22) . Therefore, we applied molecular dynamics to get the quantitative relationship between σ and molecule size as follows:
where d is the diameter of one pore, d m is the effective diameter of a solute molecule, and β=d m /d, is the relative size of a solute molecule to the pore. Equation [2] was named as "size effect" as it describes how molecular sizes of solutes affect osmotic pressure. The size effect was shown in Fig.2(B) : The σs of molecules increase with a third power of their βs up to a constant value 1. The definition of σ by Staverman (32) has resulted an inference that σ of a complete impermeable solute must be 1. However, from the deducing process (see method and SI), we found it is a rooted misunderstanding. A solute molecule makes no contribution to the osmotic pressure of the pore once it can enter the pore to give off its momentum, regardless passing the pore itself or transferring the momentum to a solvent molecule then reflected back. Therefore, the σ of a complete impermeable solute can be smaller than 1. The computational simulation in reference (19) also provided useful information for this conclusion. A definition suggested by Kiil (33) may be more appropriate: (1-σ) is the fraction of the solute concentration that behaves as solvent by giving off momentum at the interface of the membrane channels, whereas the other fraction, σ, does not. In summary, it is more proper to entitle σ as "dynamics osmosis pressure coefficient" than the habit "reflection coefficient".
AQP1 and UTB.
The cell water permeability is usually a joint contribution of its cytomembrane lipid bilayer and one or more kinds of water channels. The apparent reflection coefficient σ of a 4 cell can be described as:
where k i is the proportion of ith water channel with a σ i , while i = 0 stands for the lipid bilayer. For human erythrocytes, Mathai et al. compared its water permeability with the one lacking AQP1, they found AQP1 contributed more than 85% of the total osmotic water permeability and only about 10% of lipid permeation (34) at 20℃. UT-B is an important urea transporter and suspected to contribute part of the total osmotic water transport through red blood cell. Using knockout mice, Yang & Verkman (35) reported this contribution was about 8% for mice at 10℃. A recent experiment of Azouzi et al. (36) indicated this contribution was about 10% for human at 15℃. The experiment method of Mathai (34), Rich(16) , and Solomon (17) can't distinguish AQP1 from UT-B as their single-channel osmotic permeability were of the same order of magnitude (36) . In this case, assuming AQP1 (including possible contribution of UT-B) and lipid bilayer contributes all the water permeability, there will be only two terms at the right of Equation [3] :
where k 0 , k 1 are respectively the contributions of lipid bilayer and AQP1to the total osmotic water permeability. Toon & Solomon (17) measured the σs of small solutes to human erythrocytes at 25℃ and their data was shown in Fig.3 (A). All molecular lengths and cylindrical diameters were taken from reference (37) . To human AQP1, σ of glucose was regarded as 1 (20) (20, 22) . The σs to AQP1 (21), HA/FA-AQP1 and SH/GI-AQP9 (22) were shown in Fig.3(B) . Parts of molecular sizes were obtained using MMsINC (38) , a database gives molecules' Sterimol sizes. The lengths were taken from the sterimol L directly, while cylindrical diameters were the sum of sterimol B1 and sterimol B4. The linearized line of data for HA/FA-AQP1 has an intercept of 0.057 and a slope of 0.756×10 -3 , with a correlation coefficient of 0.94. From the intercept of the line, the contribution of oocyte membrane was calculated to 5.7%, agreeing well with their measuring result 5.2% (22) . The linearized line of data for SH/GI-AQP9 has an intercept of 0.158 and a slope of 0.383×10 -3 , with a correlation coefficient of 0.96. Therefore, these σs to oocytes-expressing AQP also obeyed the size effect well as σs to erythrocytes AQP1.
Different from AQP1 in erythrocytes, σs of all small solutes to AQP1 expressed in oocytes are 5 about 1 (21) . Based on the size effect described by Equation [2] and [4] , this means that the equivalent diameter of the vestibule of oocytes-expressing AQP1 is smaller than 5.8 Å, the equivalent diameter of formamide (the smallest solute in the experiment of reference (21)). The puzzling variance about σ to AQP1is may be attributed to the lipid-protein interactions. The plasma membranes of erythrocytes are not completely identical to that of Xenopus oocytes, and this difference can influence the loops pose of AQP and change the equivalent diameter of its vestibule. There has been no report about the high resolution structure of AQP3 so far. However, the major characteristic of its size can be speculated from its σ to special solute using Equation [4] . In the experimental results of Zeuthen & Klaerke (20) , shown the plasma membrane of oocyte contributed 0.5% of its total water permeability, and σ of glycerol to AQP3 was 0.15 at pH 7.4 and 0.32 at pH 6.4 respectively. σ of glycerol to dog AQP1 measured by Rich (16) was 0.68. Combining the computation result 9.9 Å for dog AQP1, the equivalent diameter of the outside vestibule of AQP3 is calculated as 17.6 Å at pH 7.4 and 12.8 Å at pH 6.4.
Mechanism of the AQPs permeability regulation by pH: Peak effect and Rapid response molecular valve
The water permeability of AQPs can be influenced by H + and other positive ions (Ca 2+ and Zn
2+
). It has been confirmed by a large number of experiments (20, (39) (40) (41) (42) (43) (44) (45) (46) (47) and reviewed by Gonen & Walz (1). To one pore with an open area (s=πd 2 /4), the driving force of osmosis (F) can be described by 2 2 [1]
In the solution with a certain solute, the driving force of osmosis will increase with the size of the vestibule until reaching a maximum then turns to decrease. This particular trend is named as 6 the "peak effect". Fig.2(A) show the relative value of driving force (F/cRTd 2 m ) as a function of 1/β (= d/dm). The pH sensitivity of AQP3 permeability was investigated by Zeuthen & Klaerke (20) , and they pointed out that AQP3 lost half of its water permeability reversibly from pH 7.4 to pH 6.4. Using Equation [5.1] and the equivalent diameter has been already calculated (17.6 Å at pH 7.4 and 12.8 Å at pH 6.4), this attenuation coefficient is calculated to 0.52, which is consistent with measured value 0.5 by Boltzmann function (20) . Besides AQP3, Né meth-Cahalan & Hall (40) measured the AQP0 response to pH from 5.5 to 8 with an interval of 0.5, and they found water permeation of AQP0 reaches a maximum at pH 6.5. Yasui (39, 42) found that AQP6 was activated below pH 5.5, and Né meth-Cahalan (43) reported a pH sensitivity of AQP4 with a maximum at pH 8.5.
The hour-shaped AQP composes of extracellular vestibule, channel and intracellular vestibule. The two vestibules are surrounded by loops with abundant polar amino acids, while the channel are surrounded by six a-helixes and mostly assembled by nonpolar amino acids (40, 41, 50) . Since the loops of AQPs have abundant polar amino acids, their charge distribution can be affected by the pH of the solution. The charge distribution change can cause loops deformation or displacement, leading to a change in the equivalent radius of the vestibule. From Equation [5] , it indicates that the change will also influence the driving force of osmosis. AQP's main channel is relatively stable and more difficult to be influenced by the environment, which contributed to the overwhelming majority of nonpolar amino acids and stable a-helixes. Therefore, the vestibules play key roles in the permeability regulating process. By changing the equivalent radius of the vestibules, pH can influence the permeability of AQPs.
Törnroth-Horsefield (46) reported the X-ray structures of SoPIP2 in open conformation and closed conformation. They also made a molecular dynamics simulation of the gating mechanism and ascribed the switch of AQP to the displacement of loop D. However, a small variation in the equivalent radius of the vestibule is enough to affect water permeability of AQPs. The osmosis driving force of AQPs is mainly decided by the size of vestibule and change steeply (as shown in Fig.2 ). Comparing the structure of AQP0 obtained by Gonen (48) , Harries (49) found no global change in the structure but only small changes in side-chain positions between the "open AQP0" and "closed AQP0". These investigations provide the strong evidence for our speculation that the change is too small to open the channel but enough to change the osmosis driving force. Therefore, an AQP may not only work as a switch to open or close (46) , but also as a valve to control water flow. H + and other ions regulate this special valve by changing the charge distribution of the loops with abundant polar amino acids. This ion-control-value mechanism may offer AQPs a more flexibility in permeability regulating to adapt various environments.
The primary screening effect. If the size of a solute is smaller than the vestibule of AQP (d m <d), the probability that a certain solute can enter the vestibules of AQPs is defined as accessing probability (α) using the following equation
The deducing process is showed in support information. The number of a solute that can enter the pore (N) is
where M is the molar mass of solute, n is its number density.
Equation [7] indicates light and small molecules have a better chance to enter the vestibules of AQPs. In this way, the vestibules of AQPs offer a primary screening to different molecules before their NPA constriction region. To a certain extent, this primary screening effect can prevent possible channel blockage of AQPs and protect their excellent osmotic water permeability. Fig. 4 . The primary screening effect of AQP, a compare between the theoretical value calculated by Equation [7] and the experimental value of reference (21), involving HA/FA-AQP1, SH-AQP9 and SH/GI-AQP9.
Assuming solutes permeating (J s ) in AQP is independent of water permeating (J w ), J s will also be in proportion to the osmotic driving force F and the solute molecules number entering the vestibules of AQPs , N. In fact, this assumption has been confirmed in certain degree by Zeuthen (22) . They didn't found any evidence for obvious coupling between water and solute fluxes inside the pore of AQP. "J s / J w " will be in proportion to N, as J w is in proportion to F. Fig.4 shows a comparison about "J s / J w " between the experimental data of Zeuthen (22) and the theoretical value calculated from σ using Equation [7] . Both of them were dealt with non-dimensional method for easier comparing. The error of theoretical value was a propagation of the experimental errors of σs. The slope of the blue linearized line is 0.96 with a correlation coefficient of 0.95.
Advantage of the hour-glass shape of AQPs. The hourglass model of AQP was speculated by Jung (51) and had been confirmed by many experiments (1). What advantages AQP can get from this special structure? Gravelle (15) found the conical entrances of AQPs have the optimal opening angles for water transport, and speculated that the hourglass shape could be the result of a natural selection process. From the new model in this paper, we found the bigger entrances can allow AQP get bigger osmotic driving force than a cylindrical pore. More importantly, the osmotic driving force caused by different solutes varies with their sizes. Taking erythrocyte as an example, this size effect may be partly responsible for the concentration difference between its isotonic solution and isosmotic solution. In this way, cell can identify different solutes to some extent and respond discriminatively.
Surrounded by six a-helixes of dominating nonpolar amino acids, the channel is stable and guarantees the basic water permeability and the selectivity of AQP. On the other hand, surrounded by loops with abundant polar amino acids, the vestibules of AQPS are flexible deforming and 8 provide a structural basis for the permeability regulation.
Therefore, the cooperation of channel and vestibules makes an AQP have both stability and adjustability.
Perspective
This work applies the hard sphere approximate to solute molecules. For small neutral solute, it is enough to get a high accuracy. However, for ions with strong static electric interaction or large molecules with deformable long chain, such as proteins, the hard sphere approximate is a little rough and needs to improve to get better precision.
The variance between σ to erythrocytes AQP1 (16) (17) (18) (19) and σ to oocytes-expressing AQP1 (20) (21) (22) suggests that there will be a slightly difference in vestibule structure among the expressing at different kinds of membranes. However, questions also remain on the mechanism that how membrane affects the loops of AQP to change its vestibule size. The work on the lipid-protein interactions of AQP1 by Gonen (11) may have guiding significance on this problem.
AQP's water permeability has a peak effect with verifying pH. We conclude that the peak effect of more AQPs could be measured by experiments with some adjustment, such as a smaller pH interval and a wider pH range. Solute with suitable molecule size is also helpful to measure the peak effect.
Besides rapid water transfer of AQPs, osmosis is the basis of dangerous pore-forming toxins (52 and 53), perforin (54) as well as membrane-attack complex (55) dealing with pathogens. Therefore, our model about osmosis may be also useful in revealing their working mechanisms detail.
Method
The new dynamical model in this paper was built by an analytical method. The molecular dynamics method might be associated with early gas analogy, which was first introduced by Van't Hoff (56) to give an explanation for his equation of osmotic pressure (Equation [1] ). He believed that the osmotic pressure was generated by the bombardment of solute molecules hitting the membrane (31). His gas analogy has been questioned as it seems to ignore the intermolecular forces in liquid and once abandoned for a long time (31) . However, about six decades later, MicMillan and Mayer (57) proposed the statistical theory of the osmotic pressure and considered that the presence of the solvent appears only implicitly as the potentials of average force of the solute molecules, which are influenced by the presence of the solvent (57) . This theoretical achievement saved the classic gas analogy of Van't Hoff. For a dilute solution, compared with their mean free path, the mean distance between the solute molecules is so large that the interaction between them is week. Therefore, the M-M Equation can simplify to the Van't Hoff Equation.
The basic frame of the model. To obtain a basic frame of the model, some fundamental hypotheses were introduced as follows:
a. Using the achievements of MicMillan and Mayer for dilute solution, the solvent is regarded as a continuous medium, and dealt with the mean field approximation. b. The semipermeable membrane is regarded as a rigid body wall with cylindroid pores. The molecules are regarded as hard spheres. This may introduce inevitable errors to some extent, yet it is a heuristic tool and can reveal fundamental behavior, especially for a dilute solution (19, 54) . c. The distance between each pore is much larger than their diameters, so the interaction of these pores can be ignored. Fig.1 (a) is a schematic . θ c is named as cut-off angle of the molecule to the pore. If a molecule moves along a direction larger than the critical cut-off angle (θ>θ c ), it will be bigger than the visible diameter of the pore (d m >d Vθ ) and can't enter the pore to contribute its momentum. This kind of collision is named as supercritical collision. However, all of molecular collisions can contribute their momentum to the wall of membrane. Therefore, compared with the wall of membrane, there will be a negative pressure for the pore resulting from the supercritical collisions. This negative pressure is the osmotic pressure of the solution to the pore. Equation [2] is the integrating result of all the supercritical collisions. The detailed deducing process is showed in support information.
It may be a question that a supercritical collision solute molecule (θ>θ c ), may impact with another solvent molecule through entering or leaving the pore, and give off its momentum to the pore indirectly. In fact, there are fierce collisions in the solution among solute and solvent molecules to exchange their information (velocity, position and etc.). It is because of these collisions that the solution can keep its uniformity. A molecule is judged whether a solute or not just at the interface of pore. It is no need to seek for where it gets its momentum from a solute or a solvent.
How to define the equivalent diameter of a small molecule and non-cylindrical pore? In the basic model above, the second hypotheses was introduced to get the fundamental relation between σ and d m . However, apart from special cases, most solute molecules are non-spherical and the pores in membranes are non-cylindroid. How to define their equivalent diameter?
Most small molecules can be regarded as short columns, the geometrical shape of which can be described by length (L) and cylindrical diameter (d c ). The thermal motion of molecule in solution is so intense that one molecule may impact a pore in any possible posture. As shown in Fig.1 (B) , a molecule moves along an arbitrary direction θ with an attitude angle (η, the angle between its axis of symmetry and its flying direction). The viewed diameter of the molecule from the pore (dη) can be described by It's important to note that the method above only successfully apply to small molecule and fail to describe a slender molecule (the length of which is much larger than the cylindrical radius). On one hand, a spindly molecule with long chain can bend, twist and fold; on the other hand, it can enter the pore with its thin part, while keeping its thick part out. Solute such as ethanediol which can form ring by intramolecular hydrogen bonds, and polymeric structure and hydrate by intermolecular hydrogen bonds in aqueous solution will have bigger effective diameter than monomer (58) and higher reflection coefficient (17) .
AQPs in cell membrane are hour-glass shape, a typical non-cylindroid pore. The equivalent diameter of a non-cylindroid pore is the diameter of its effective shelter, which can shield part of molecular bombardment. In Fig.1 (C) shows a cross section of cell membrane with an AQP. With different planes perpendicular to the axis of symmetry, a series of cross sections of the vestibule of AQP can be gained. Using the cut-off angle method mentioned above, the scope of supercritical collisions to every cross section can be determined. From the outermost cross section, if the scope of a section is smaller than that of its former cross section, it will be an effective shelter.
